The NAC transcription factor ORE1 is a key regulator of senescence in Arabidopsis thaliana.
INTRODUCTION
Senescence is a highly regulated process that involves the action of a large number of transcription factors (TFs), and in particular the NAC (for NAM, ATAF1, 2 and CUC2) and WRKY families are enriched for senescence-regulated TFs in many plant species (Guo et al., 2004; Buchanan-Wollaston et al., 2005; Gregersen and Holm, 2007; Balazadeh et al., 2008; Breeze et al., 2011) . Recently, several of the more than 20 senescence-upregulated NAC TF genes in Arabidopsis thaliana have been shown to regulate senescence, including besides others AtNAP (also called ANAC029; Guo and Gan, 2006) , ORESARA1 (ORE1, ANAC092, ORE1 activation thus representing potential direct targets of ORE1 (Balazadeh et al., 2010) .
In addition, bioinformatics analyses and network modelling based on high-resolution timecourse profiles of gene expression during leaf development predicted genes whose expression is positively influenced by ORE1 (Breeze et al., 2011) . However, a direct target gene of ORE1 has not been demonstrated yet. In the current study, we identified the preferred binding sequence of ORE1 and showed that it directly activates the BIFUNCTIONAL NUCLEASE1 (BFN1) promoter which harbours the element. BFN1, which is among the genes that are rapidly and positively regulated by ORE1, encodes a type I nuclease; it shares high amino acid sequence similarity to DSA6 nuclease which is associated with petal senescence in daylily (Panavas et al., 1999) , and to ZEN1 nuclease, which is associated with PCD in Zinnia elegans (Ito and Fukuda, 2002) . BFN1 expression is known to be specifically enhanced during leaf and stem senescence as well as in the floral abscission zone and during developmental PCD (Perez-Amador et al., 2000; Wagstaff et al., 2009; Farage-Barhom et al., 2011) . During late stages of senescence, BFN1 (fused to green fluorescence protein) was found to localize together with fragmented nuclei in membrane-coated vesicles, suggesting a role for BFN1 in regulated nucleic acid breakdown that occurs during senescence and PCD (Farage-Barhom et al., 2011) . However, plants lacking functional BFN1 do not show a detectable change in senescence, most likely due to the fact that multiple genes (e.g. those collectively regulated by ORE1) need to act in concert for the exertion of the full senescence syndrome.
In the present study, we demonstrate that ORE1 specifically activates the BFN1 promoter and physically interacts with a 40-bp fragment of the BFN1 promoter containing the ORE1 binding site. Moreover, we show that senescence-enhanced expression of BFN1 is abolished in ore1 mutants indicating ORE1 as a major regulator of BFN1 expression during senescence.
RESULTS

BFN1 Expression is Rapidly induced by ORE1
In our previous studies, we identified genes responding to enhanced ORE1/ANAC092 expression. More specifically, we have shown that expression of 170 genes significantly increased within 5 h of estradiol (EST) treatment in transgenic lines expressing ORE1 under the control of an EST-inducible promoter (ORE1-IOE plants; Balazadeh et al., 2010) . To identify genes more rapidly responding to elevated ORE1 expression we here repeated the previous experiment, but shortened the EST induction time to 2 h (ORE1-IOE-2h dataset). Furthermore, to exclude potential misinterpretation due to EST treatment we also included an experiment where we transiently expressed a 35S:ORE1 construct in Arabidopsis mesophyll cell protoplasts and extracted RNA 6 h after the transfection (35S:ORE1-6h dataset); for details see Experimental Procedures. Our data revealed that expression of 831 genes was differentially expressed (two-fold cut-off) upon transient overexpression of ORE1 in mesophyll cell protoplasts, 643 of which were upregulated and 188 were downregulated relative to Col-0 control protoplasts (Supplemental Table 1 ). Moreover, expression of only 78 genes was differentially expressed (two-fold cut-off) in the ORE1-IOE-2h dataset, of which 54 genes were up-and 24 genes were downregulated (Supplemental Table 2 ).
We compared all three transcriptome data sets and identified 17 genes that were commonly upregulated upon elevated ORE1 expression in stably transformed plants and transiently transfected cells ( Figure 1A and B), suggesting they are direct downstream targets of ORE1.
Among them are genes encoding proteins involved in sugar transport (SAG29/SWEET15; At5g13170), protein degradation (At3g45010, serine carboxypeptidase-like 48), protein ubiquitination (At3g13672, SINA1, a RING E3 ligase), nucleic acid degradation (At1g11190, BIFUNCTIONAL NUCLEASE1; and At1g26820, RIBONUCLEASE3, RNS3), and genes encoding protein kinases such as CIPK17 (At1g48260) and a cystein-rich receptor-like kinase (At4g04490) (Supplemental Table 3 ). Fourteen of the 17 ORE1-regulated transcripts were previously shown to be upregulated during age-dependent senescence (Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006; Balazadeh et al., 2008; Breeze et al., 2011; Parlitz et al., 2011) , and the transcript abundance of 12 genes was reported to be enhanced during long-profiling data revealed induction of ORE1 and BFN1 during age-dependent senescence (Buchanan et al., 2005; Balazadeh et al., 2010; Breeze et al., 2011) and during dark-and saltinduced senescence (Buchanan et al., 2005; our unpublished data) . Moreover, expression of both genes is highly induced upon 180 min ABA treatment of 7-day-old seedlings (Arabidopsis Hormone Database; http://ahd.cbi.pku.edu.cn) and significantly reduced in the ein2 mutant, that lacks a major component of the ethylene signalling pathway (Buchanan et al., 2005) . Thus, both genes appear to be under control of the same hormonal signals.
Tissue-specific expression patterns of BFN1 and ORE1 were reported earlier using transgenic Arabidopsis lines expressing β-glucuronidase (GUS) reporter from the 2.3 kb BFN1 promoter (Farage-Barhom et al., 2008) or the 1.5 kb ORE1 promoter (Balazadeh et al., 2010) , respectively. To investigate the extent of overlapping promoter activities during senescence, we grew the promoter-GUS lines side by side and performed a comparative analysis of gene expression. In general, expression patterns controlled by the BFN1 and ORE1 promoters were highly similar in leaves and floral organs at different developmental stages (Figure 2) . GUS activity was detected in the margins and tips of the oldest leaves, while expression was largely absent in young leaves, consistent with the function of both genes during senescence. GUS activity was also relatively prominent in the stigma, mature anthers, sepals and petals of older/fully opened flowers (flower stages 13 or 14, as classified by Ferrandiz et al., 1999) , but not immature flowers. Expression in mature siliques was detectable in abscission zones and in the distal portion of the valve margins for both, Prom ORE1 :GUS and Prom BFN1 :GUS lines ( Figure 2C , H, E and J). Thus, our data demonstrate largely overlapping expression patterns of the NAC transcription factor gene ORE1 and its putative downstream target BFN1.
Senescence-Specific Expression of BFN1 Is ORE1-Dependent
In order to test whether the senescence-induced expression of BFN1 is dependent on the presence of functional ORE1, we tested BFN1 expression in the ore1-2 mutant background (Kim et al., 2009) , using plants of different developmental stages; plants were grown in soil and leaves were harvested from plants 12, 16, 20, 24, 28, 32 and 36 days after sowing. As shown in Figure 3 , BFN1 expression strongly increased with age in wild-type plants; expression was ~64-fold higher in leaves of 28-day-old plants compared to leaves of 24-dayold plants. Expression of BFN1 remained high and increased further at later time points (in 32-and 36-day-old plants) consistent with previous observations that BFN1 is a senescenceassociated gene (Perez-Amador et al., 2000; Wagstaff et al., 2009; Farage-Barhom et al., 2011) . In contrast, the age-dependent increase of BFN1 transcript abundance was completely abolished in leaves of the ore1-2 mutant ( Figure 3A) . These data indicate that senescenceassociated expression of BFN1 is mainly, if not exclusively, regulated by ORE1. Considering the negative regulation of ORE1 by miR164 during leaf aging, we next tested BFN1 transcript level in the mir164abc mutant (Kim et al., 2009) , at different leaf developmental stages (as described above). Notably, BFN1 expression started to increase about 8 days earlier in the mir164abc mutant than wild-type plants (Figure 3A) , indicating that BFN1 expression is under miR164 control, through its effect on ORE1 expression.
To further confirm ORE1-dependent BFN1 expression during senescence, we transformed the anac092-1 mutant (Balazadeh et al., 2010) with the Prom-BFN1 :GUS construct (FarageBarhom et al., 2008) . To minimise a potential position effect of transgene integration site on BFN1 promoter activity, we analysed more than 50 independent transgenic anac092-1-transformed lines. The presence of the GUS gene was confirmed by PCR on genomic DNA.
Histochemical staining revealed very low and in most cases undetectable BFN1 promoter activity in the anac092-1 transformants, while strong GUS activity was observed in the majority of the Col-0 plants transformed with the Prom-BFN1 :GUS construct (Figure 3C-E) .
Additionally, we quantitatively determined BFN1 promoter activity by 4-methylumbelliferyl-β-D-glucuronide (4-MUG) assay in young, green leaves (almost fully expanded, of 20-dayold plants) and senescent leaves (20 -30% yellow leaf area; 40-day-old plants) of Prom-BFN1 :GUS transgenic lines. As shown in Figure 3C- Table 4 ); BS-1 differs at only a single position, within the second motif, from the consensus sequence. We tested interaction of recombinant ORE1 protein (fused to a glutathione Stransferase tag, ORE1-GST) with a 40-bp long double-stranded oligonucleotide harbouring BS-1 (5´-ACGTA(5n)CTCG-3´). ORE1-GST fusion protein (purified from recombinant Escherichia coli) was incubated with 5´-DY682-labeled 40-bp DNA fragment and analysed by EMSA. As shown in Figure 4B the DNA-protein complex migrated more slowly than free DNA indicating direct interaction of ORE1 with the labelled DNA. When unlabelled competitor DNA (oligonucleotide containing BS-1) was added in excess, a strong reduction in signal intensity was observed ( Figure 4B ), confirming specificity of the interaction.
Transactivation of the BFN1 Promoter in Mesophyll Cell Protoplasts
To test whether BFN1 is transactivated by ORE1, we performed luciferase-based transactivation assays using Arabidopsis mesophyll cell protoplasts. A reporter construct containing firefly luciferase (FLuc) coding region under the control of the ~1-kb BFN1 promoter (Prom BFN1 -FLuc) ( Figure 4C ) was transformed into protoplasts in the presence or absence of 35S:ORE1 ( Figure 4C) ; a significantly higher luciferase activity was observed when Prom BFN1 -FLuc was co-transformed with 35S:ORE1 than in controls that were solely transformed with the Prom BFN1 -FLuc construct, indicating that ORE1 transactivates BFN1 expression in mesophyll cell protoplasts ( Figure 4D ). In the absence of 35S:ORE1, only low basal luciferase activity was observed ( Figure 4D ). Next, we tested whether the ORE1 binding site (BS-1) present in the BFN1 promoter is important for transactivation by the NAC factor. We performed two experiments: (i) we shortened the BFN1 promoter down to ~200 bp and fused it to FLuc; this promoter lacked all upstream sequences including BS-1 (Prom BFN1 -S-FLuc) ( Figure 4C ). (ii) We mutated motif 1 of BS-1 within the 1-kb BFN1 promoter (´CGT´ changed to ´AAA´; Prom BFN1 -M-FLuc; Figure 4C ). As transactivation capacity of ORE1 was significantly reduced when BS-1 was mutated within the frame of the BFN1 promoter ( Figure 4E ), we concluded that it is central for transactivation by ORE1. However, some transactivation was still observed with the Prom BFN1 -M-FLuc construct ( Figure 4E ).
Analysis of the BFN1 promoter revealed the presence of several partial ORE1 binding sites, all of which contained motif 1, but lacked motif 2 (Supplemental Table 4 ). The fact that some transcriptional activation of the BFN1 promoter was still observed for the Prom BFN1 -MFLuc construct may be due to the presence of these partial binding sites. Indeed, deletion of the BFN1 promoter to ~200 bp which removed all sites strongly reduced BFN1 transactivation ( Figure 4E ).
In Vivo Binding of ORE1 to the BFN1 Promoter
To determine in vivo association of ORE1 with the BFN1 promoter, we conducted chromatin immunoprecipitation together with quantitative PCR (ChIP-qPCR), using transgenic Arabidopsis lines expressing ORE1-GFP fusion protein from the CaMV 35S promoter.
ORE1-GFP protein accumulated in nuclei of transgenic plants ( Figure 5A ) and showed elevated BFN1 expression compared to wild type ( Figure 5B ), indicating that the ORE1-GFP fusion protein faithfully controlled its target gene. Using these plants we observed a significant enrichment of the BFN1 promoter ( Figure 5C ), supporting the conclusion that it is a direct downstream target of ORE1. We also tested binding of ORE1 to the promoters of two additional senescence-associated genes, i.e., SAG29/SWEET15 and SINA1 (Supplemental Table 3 ), and observed in vivo binding of the NAC transcription factor to both promoters (Supplemental Figure 1) . In addition, ORE1 transactivates SAG29 expression in mesophyll cell protoplasts (data not shown). SAG29/SWEET15, which encodes a non-characterized sugar transporter of the SWEET family (Chen et al., 2012) , has recently been shown to accelerate senescence upon overexpression (Seo et al., 2011) . Whether SINA1, which encodes a RING E3 ligase, also controls senescence is currently unknown.
Altered Level of BFN1 Protein in ORE1 Transgenic Plants
Experiments were performed to examine whether altered expression of the ORE1 transcription factor gene resulted in reduced BFN1 protein level, due to lowered BFN1 expression. BFN1 levels were determined by Western blot in three different transgenic In this study we identified BFN1 as a direct target of ORE1. BFN1 transcript level rapidly increases upon induction of ORE1, both in intact Arabidopsis plants and in isolated mesophyll cell protoplasts. In addition, ORE1 binds in vivo to the BFN1 promoter, as shown be chromatin immunoprecipitation ( Figure 5C ). Accordingly, BFN1 expression in senescing leaves and flower abscission zones is completely lost in mutants lacking functional ORE1, as shown by qRT-PCR and BFN1 promoter -GUS reporter studies. The strong decrease of BFN1 expression in the ore1-2 and anac092-1 mutants is consistent with the model that ORE1 is the major, if not the only upstream TF that regulates it, at least in the tissues analysed here (Figure 7) . Furthermore, in aging leaves BFN1 was expressed earlier and at higher levels in the mir164abc mutant than in the wild type, in accordance with the observation that miR164 negatively regulates ORE1 transcript abundance (Kim et al., 2009 ).
Thus, BFN1 expression is under indirect control of miR164, which mediates its effect on BFN1 through regulation of ORE1 transcript abundance.
We show here that ORE1 best binds to a bipartite cis-element that contains two core motifs (motif 1, VMGTR) and (motif 2, YACR) separated by 5 or 6 bp ( Table 1) . Reducing or increasing the distance between the two motifs to 4 or 7 bp, respectively, strongly reduces binding affinity of ORE1 to double-stranded DNA in vitro, similar to ORS1 (Table 1; A recent report provided evidence that BFN1 might also be regulated by SND1 (ANAC012; At1g32770) and VND7 (ANAC030; At1g71930) (Zhong et al., 2010) . However, as neither of the two genes is upregulated during leaf senescence (and as both are only weakly expressed in non-senescent leaves), it appears unlikely that they serve as upstream activators of BFN1 in this process. Still, it may be possible that the two NAC factors control BFN1 expression during secondary wall formation in which both, SND1 and VND7 play important roles (Kubo et al., 2005; Zhong et al., 2006) . Indeed, BFN1 harbours three potential SND1-binding sites in its 1-kb 5´ upstream promoter, in addition to the ORE1 binding sites (Supplemental Table   4 ).
Currently, knowledge about genes directly or indirectly regulated by senescence-associated NAC transcription factors is increasing. We previously identified genes early responding to Recently, DREB2A and SAG113 were reported as direct targets of JUB1 and AtNAP, respectively (Wu et al., 2012; Zhang et al., 2012) . None of these genes has been shown to be regulated by other so far characterized senescence-associated NAC factors.
Although in this report we focused our analysis on BFN1 as a target gene of ORE1, we have shown that it robustly activates the expression of several other downstream genes (Supplemental Table 3 ). In addition, we have demonstrated that the promoters of two further senescence-associated genes, i.e., SAG29/SWEET15 and SINA1, are bound by ORE1 in vivo.
In addition, SAG29 promoter activity is activated by ORE1 in a mesophyll cell protoplast transactivation assay (not shown), similar to BFN1 (Figure 4D,E 
Dark-Induced Senescence
Experiments for artificial induction of senescence were performed with leaves in position 6 or 7 of the Arabidopsis plants. The leaves were detached and incubated in the dark in containers fitted with inlet and outlet ports, which were stored for 6 -9 days in the dark at 25°C. The containers were sealed and connected to a flow-through air supply, which was bubbled through sterile water to maintain humidity.
Constructs
Primer sequences are given in Supplemental Table 5 vol. of W5 solution and collected by centrifugation at 100 g for 2 min. Protoplasts were then resuspended in 4 mL WI medium (0.5 M mannitol, 20 mM KCl, 4 mM MES, pH 5.7), transferred to 5-cm Petri dishes pre-coated with 5% calf serum, and incubated for 6 h in the growth cabinet. After the incubation, protoplasts were collected and 100 -200 mg aliquots were flash-frozen in liquid nitrogen for subsequent RNA isolation and expression profiling.
ORE1 Binding Assay
The DNA-binding activity of ORE1-CELD fusion protein was measured using methylumbelliferyl β-D-cellobioside (MUC) as substrate (Xue, 2002) . DNA-binding assays with a biotin-labelled single-stranded oligonucleotide or a biotin-labelled double-stranded oligonucleotide without a target binding site were used as controls.
Gene Expression Analysis by Microarray Hybridisation
Three micrograms of quality-checked total RNA obtained from 3-week-old ORE1-IOE seedlings (2 h after 10 µM estradiol treatment or 0.15% ethanol for control) and of mesophyll cell protoplasts transfected with the 35S:ORE1 construct were used for Affymetrix ATH1 micro-array hybridisations (two biological replicates each). Labelling, hybridisation, washing, staining, and scanning procedures were performed by ATLAS Biolabs (Berlin, Germany).
Data analysis was performed as described (Balazadeh et al., 2010) . Expression data (ORE1-IOE-2h and 35S:ORE1-6h datasets) were submitted to the NCBI Gene Expression Omnibus (GEO) repository (www.ncbi.nlm.nih.gov/geo/) under accession number GSE37536.
Gene Expression Analysis by Quantitative RT-PCR
Quantitative RT-PCR was done as described (Caldana et al., 2007; Balazadeh et al., 2008) .
Primers were designed using QuantPrime (Arvidsson et al., 2008) . PCR reactions were run on ABI PRISM 7900HT sequence detection system (Applied Biosystems), and amplification products were visualized using SYBR Green (Applied Biosystems). Data were normalized to reference genes ACTIN2 (At3g18780).
Histochemical and Quantitative GUS Assays
Histochemical GUS assays were performed as described (Plesch et al., 2001) . Fluorometric GUS assays were performed using 4-methylumbelliferyl β-D-glucuronide (4-MUG; SigmaAldrich) as substrate (Jefferson et al., 1987) .
Protein Expression and Electrophoretic Mobility Shift Assay (EMSA)
For protein expression and purification, the ORE1 cDNA was recombined into the Gateway vector pDEST24 (Invitrogen) encoding a C-terminal GST-tag, and transformed into E. coli strain BL21 (DE3) pLysS (Agilent Technologies, Waldbronn, Germany). pDEST15 vector (Invitrogen) was used for expression of GST alone. Protein expression in 400-mL cultures was induced at 30°C by 1 mM isopropyl thio-β-D-galactoside for 3 h. Cells were harvested and lysed by ultrasound in 20 mL GST lysis buffer (20 mM sodium phosphate buffer, pH 7.3, phenylmethanesulfonyl fluoride, 10 µg mL -1 aprotinin, 10 µg mL -1 leupeptin, 2 mM benzamidin). The supernatant of ultra-centrifuged samples was used for affinity purification with 70 mg of pre-equilibrated glutathione-agarose beads (Sigma-Aldrich). Aliquots of the elution fractions were analysed by SDS-PAGE and Coomassie staining. One-mL fractions containing the purified proteins were pooled and dialyzed against PBS buffer (20 mM sodium phosphate buffer, pH 7.4, 150 mM NaCl). Concentrations of purified proteins were determined by SDS-PAGE and Coomassie staining using BSA standard. EMSAs using 5◌ َ´-DY682-labelled DNA fragments were performed as reported (Wu et al., 2012) .
Transactivation Assay
Assays were essentially performed as described (Wu et al., 2012 ), using 35S:ORE1 plasmid (Balazadeh et al., 2010 as effector. Luciferase activity was determined using the DualLuciferase Reporter Assay System (Promega) and a GloMax 20⁄20 Luminometer (Promega).
All tests were performed in 3 -4 independent biological replications with three technical replications per assay.
ChIP-qPCR
Shoots from :ORE1-GFP and 35S:JUB1-GFP (Wu et al., 2012) , where the ChIP signal is given as the fold increase in signal relative to the background signal.
35S
Western Blot Analysis
BFN1 polyclonal antibodies were raised against an over-expressed portion of the protein using the bacterial pET system (Novagen, Madison, USA) basically as described before (Lers et al., 2006) . Part of the BFN1 coding region (nucleotide position 162 to 876) was PCR amplified using the primers and BFNexpforw (5'-GGATCCGTTACCGGATTACGTGAAAGG-3'). The BFN1 fragment was fused via BamHI to the His tag-coding segment in the pET-22b(+) vector (Novagen); the BFN1-His protein was expressed in Escherichia coli, purified on His bind Quick 900 cartridge (Novagen), and used for immunization of rabbits.
Western blot analysis was essentially performed as described after separation of proteins on 15% SDS-polyacrylamide gels (Lers et al., 2006) . Goat anti-rabbit IgG : horseradish peroxidase conjugate (Bio-Rad) was used as secondary antibody. For signal detection, WesternBright ECL kit (Advansta, CA, USA) was used. Demonstrated by Chromatin Immunoprecipitation Analysis.
Supplemental Table 1 . Genes differentially expressed upon transient overexpression of ORE1 in Arabidopsis mesophyll cell protoplasts.
